extremely dry conditions (Nakazato, et al., 2010) . The leaves of S. pennellii plants, 1 0 4 therefore, exhibit morphological and anatomical features that are likely adaptations to dry 1 0 5 conditions (McDowell et al., 2011; Haliński et al., 2015) , including thick leaves (Koenig (Semel et al., 2006) , and leaf shape (Chitwood et al., 2013) . Here, we used a 1 1 1 custom-built dual confocal profilometer to obtain precise measurements of leaf thickness 1 1 2 across the IL panel and identified QTL for this trait in tomato. Leaf thickness correlates 1 1 3 with other facets of leaf shape, as well as a suite of traits associated with desiccation 1 1 4 tolerance and lower productivity. We investigated the anatomical manifestations of 1 1 5 thickness in tomato and found a prominent increase in palisade cell height. Finally, we 1 1 6 inferred comparative gene regulatory networks of early leaf development (plastochron 1 1 7 stages P1-P4) in two thick lines using organ-specific RNA-Seq and identified molecular To detect regulators of early leaf development that each IL (IL2-5 and IL4-3) shares with 2 8 5 the S. pennellii parent, we inferred Dynamic Bayesian Networks (DBN) using the IL and 2 8 6 Sp overlapping DEG sets described in the previous section. Additionally, we only 2 8 7 allowed putative transcription factor-encoding genes (Suresh et al., 2014) as "source" 2 8 8 nodes (genes that control the expression of other co-expressed genes). First, we 2 8 9 constructed individual networks for each leaf developmental stage, for which an overlap 2 9 0 with Sp data is available (P1, P3, P4), and then combined the results to visualize the 2 9 1 overall S. pennellii-like leaf developmental networks (Figure 7 , Supplemental Dataset 8).
9 2
The IL2-5 network ( Figure 7A ) contains two major regulators, which are central to more 2 9 3 than one developmental stage: a SQUAMOSA promoter-binding protein-like domain 2 9 4 gene (SBP-box 04g, Solyc04g064470) ( Figure 7B ) and a CONSTANS-like Zinc finger 2 9 5 (Zn-finger CO-like 05g, Solyc05g009310) (Supplemental Dataset 8) . Similarly, the IL4-3 2 9 6 network ( Figure 7C ) features two central regulators: a BEL1-like homeodomain 2 9 7 transcription factor gene (BEL1 04g, Solyc04g080780) ( Figure 7D ) and a MADS-box 2 9 8 domain-containing gene (MADS-box 12g, Solyc12g087830) (Supplemental Dataset 8).
2 9 9 3 0 0
We also inferred a second set of networks for each of the ILs by identifying DEGs using 3 0 1 similar criteria as above. However, in contrast to the previous set of networks, where 3 0 2 genes were separated into organ stages based on differential expression at each discrete 3 0 3 stage, we used a clustering approach to group regulators and select co-expressed gene 3 0 4 sets according to expression profiles. For these analyses, we also included P2 DEGs (IL 3 0 5 vs M82) to ensure continuity of expression profiles (Supplemental Dataset 9). This 3 0 6 approach allowed us to examine a more dynamic view of early developmental processes.
0 7
The resulting networks (Supplemental Dataset 9) feature a putative auxin responsive TF 3 0 8 AUX/IAA 12g (Solyc12g096980) for both ILs (Figure 7E, F) . Moreover, the AUX/IAA 3 0 9 1 12g sub-network or IL2-5 includes the GRAS domain TF that is up-regulated during leaf 3 1 0 development in both ILs (GRAS 08g, Solyc08g014030) ( Figure 4E , Figure 7E ).
Leaf thickness has a complex genetic architecture in desert-adapted tomato and is 3 1 5 associated with overall leaf shape, desiccation tolerance, and decreased yield 3 1 6
While extensive progress has been made dissecting the molecular-genetic patterning of 3 1 7 two-dimensional leaf morphology, relatively little is known about the third dimension of 3 1 8 leaf shape -thickness. Here, we used a custom-built dual confocal profilometer to obtain (Figure 2A ). We found that nearly half of the ILs have significantly thicker leaves 3 2 2 than the domesticated parent M82, while a small number have transgressively thinner 3 2 3 leaves. The broad-sense heritability for leaf thickness in this experiment is moderate 3 2 4 (39%). Collectively, these observations point to a complex genetic basis for this trait. A 3 2 5 previous quantitative genetic analysis of a suite of desert-adaptive traits in the same S.
2 6
pennellii IL panel found fewer significantly thicker lines and lower heritability (12%) for 3 2 7 this trait (Muir et al., 2014) . However, the previous study estimated thickness as the ratio 3 2 8 of LMA to leaflet dry matter content, while we measured thickness directly. Further, our 3 2 9 study was conducted in field conditions, while Muir et al. (2014) measured the trait using 3 3 0 greenhouse-grown plants. Given that environment significantly affects the magnitude of 3 3 1 this trait (Supplemental Figure 2) it is not surprising that these studies report only 3 3 2 partially overlapping outcomes. Leaf thickness is significantly correlated with leaf shape traits such as aspect ratio and the 3 4 5 first two principal components of elliptical Fourier descriptors of overall shape. However, 3 4 6 our data do not establish whether this correlation reflects a common patterning 3 4 7 mechanism or developmental and/or mechanical constraints among these traits. , 2007) . We also observed negative correlations between LMA and the accumulation 3 6 1 of several elements in leaves, most notably 23 Na and 25 Mg ( Figure 2C ). This finding 3 6 2 supports the idea that LMA and thickness are distinct traits, and that LMA reflects the 3 6 3 material composition of leaves, while leaf thickness is a developmentally patterned trait. 
7 6
Leaf thickness is known to be responsive to both light quality and quantity in Arabidopsis 
9 3
These processes are tightly coordinated to buffer perturbations in overall organ shape and 3 9 4 size (Tsukaya 2003; Beemster et al., 2003) . Thus, the relative timing and duration of any 3 9 5 of these events can impact leaf morphology. Consistent with this idea, our results suggest 3 9 6 that increased leaf thickness and palisade cell height in IL2-5 and IL4-3 are patterned by 3 9 7 distinct cellular dynamics during leaf development compared to the domesticated parent. Our gene expression data suggest that the pace of IL2-5 leaf development may be altered. In addition to having thicker leaves and elongated parenchyma, IL4-3 harbors previously 4 5 8
reported major QTL for leaf shape (Holtan and Hake, 2003; Chitwood et al., 2013) . Like Resource Center (University of California, Davis). All seeds were treated with 50% 4 9 2 bleach for 3 min, rinsed with water and germinated in Phytatrays (P1552, Sigma-4 9 3 Aldrich). Seeds were left in the dark for 3 days, followed by 3 days in light, and finally (Rustamov, 2007) . We thus employed its first eigenfunction, which is associated with the 6 0 4 smallest positive eigenvalue and discretized the eigenfunction values into 50 sets to 6 0 5 compute the centroid point to each set. We fit a cubic function by fixing two end-point 6 0 6
constraints to those centroid points to get a smooth principle median axis. Note that the 6 0 7
two end points were manually adjusted to correct for artifacts. The length of this axis is 6 0 8
Bayesian Dirichlet equivalence uniform metric. In addition, we implemented a score to 6 9 8 estimate whether the inferred interactions were activations or repressions. The score was 6 9 9 calculated for each edge and it measured the ratio between i) the conditional probability 7 0 0 that a gene is expressed given that its regulator was expressed in the prior time point, and 7 0 1
ii) the conditional probability that a gene is expressed given that its regulator was not 7 0 2 expressed in the prior time point. If the first conditional probability is larger than the 7 0 3 second one, then the parent was found to be an activator and vice versa. In the case of a 7 0 4 tie, the edge was found to have an undetermined sign. Networks for each organ were An NCBI SRA accession number will be provided upon publication. of Experimental Botany 65(14) , 3825-3833. A., Christensen, R. H., Bavay, C., & Brockhoff, P. B. (2015) H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Euphytica 156(1-2) , 103-8 7 3
116.
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